Introduction
Microspectrometers for optical absorption spectroscopy have recently been introduced for composition measurement of gases and liquids. Microspectrometers based on tunable optical resonators are particularly suitable for narrowband operation, which conveniently aligns with the need in absorption spectroscopy for analyzing only the part of the spectrum closely around the absorption bands of the components of interest [1] . A highly interesting application is in composition analysis of combustible gases. Natural gas at a particular source has a fairly constant composition over time and an associated energy density as defined by its Wobbe index. However, increased international gas trade leads to natural gas mixtures of variable composition. Moreover, the trend toward the use of sustainable resources encourages the addition of biogas in the gas grid. These changes cause a non-constant gas composition and necessitate composition measurement for burner control at industrial facilities, gas distribution points, and households for safe and clean combustion [2] . These users combined constitute a high-volume application, which favors the use of a technique such as CMOS that offers costs advantages in batch fabrication [3] . The characteristic absorption lines of the hydrocarbons are in the mid-infrared (mid-infrared) spectral range between about 3.1 μm and 3.5 μm (Free Spectral Range, FSR = 400 nm at λ o = 3300 nm) and should be measured with a Full-Width Half-Magnitude resolution, FWHM, in the range between λ FWHM = 2 and 5 nm for effective composition measurement [4] .
A highly successful concept for narrowband spectroscopy in a CMOS microsystem is the Linearly Variable Optical Filter (LVOF) [5] . The LVOF is a one-dimensional array of many Fabry-Perot (FP)-type of optical resonators. Rather than a huge number of discrete devices, the LVOF has a center layer (the resonator cavity) in the shape of a strip and a thickness that changes over its length. Dielectric mirrors are on either side. Thus, the narrow passband wavelength of the LVOF varies linearly along its length, while the detector array that is positioned underneath the LVOF records the spectrum of the projected light. The tapered FP filter is fabricated directly on top of a detector array coated with the lower Bragg reflector composed of a dielectric layer stack, using low-temperature reflow of a specially patterned layer of resist on top of a resonator layer and the subsequent transfer etch into this intended resonator layer [5, 6] . Fabrication is completed with the deposition of the top Bragg mirror that is identical to the lower mirror design.
The specifications for natural gas composition measurement imply that the spectral separation between two adjacent maxima relative to the resolution, as expressed by the Finesse, ℑ = (λ o,m + 1 -λ o,m )/mλ FWHM in case of operation of the resonator in mode m, is in the range 660< mℑ< 1650. The feasibility of such a specification depends on the reflectivity that can be achieved with the optical materials in the dielectric layer stack in the Bragg reflector design, as expressed in the coefficient of Finesse, F = 4R/(1-R) 2 . CMOS-compatible Bragg reflector design is limited by the use of CMOS-compatible materials and the number of optical layers in the filter, and the resonator should typically be operated at a higher mode. Operation at such a high order mode obviously reduces the relative spectral separation between the adjacent maxima, which inevitably brings the challenge of suppressing the outof-band orders of the resonator-based filter. This issue is well-known to high-Q filter design and is conventionally solved using additional layers in the multi-film quarter-lambda Bragg reflector design for the spectral selection of only the intended higher-order band [7] . The overall interference filter design with 60-80 dB out-of-band suppression requires a number of layers that significantly exceeds the acceptable number in a CMOS-compatible optical filter design and typically requires materials for a high index of refraction contrast and deposition techniques that are not compatible with silicon CMOS batch fabrication technology. Consequently, other techniques are needed.
Radiation in the mid-IR spectral range entering silicon does not lead to electron-hole pair generation by photon absorption, due to the indirect bandgap at 1.12 eV [8] . Therefore, a cascade of two transduction effects are typically used; first from impinging infrared radiation to heat generation, using an absorber, and subsequently from resulting temperature change to electrical signal using a thermo-electric effect. The absorption coefficient should be maximized for maximum sensitivity. However, the usual silicon-compatible materials do not offer opportunities for a design with high absorption in the mid-infrared. Approaches based on thin film interference filters using Ti or SiC [9] [10] [11] [12] , porous metal layers (gold black is best known [13] [14] [15] , but also platinum black is reported [16] ) and absorbers using areas coated with vertically grown carbon nanotubes (CNT) [17] [18] [19] are suitable for implementation in MEMS. These approaches typically result in wideband absorption, which is actually desirable in a pyrodetector.
Another highly promising category of absorbers is based on metamaterials. The metamaterial is a large array of unit cells with a fine structure within the cell that is engineered to provide resonance for an electromagnetic wave of well-defined wavelength. Mid-infrared metamaterial absorbers can be designed for near-perfect absorption within a specially designed spectrum. As the interaction between the impinging electromagnetic wave and a metamaterial primarily depends on energy absorption due to resonance, as defined by the shape of a pattern within a unit cell and the 2D arrangement of such cells, and not on the bulk material properties, the electric and magnetic response can be controlled by a specific design of the unit cell and an array structure, provided that the features within the cell are subwavelength. Consequently, absorbers for the mid-IR should be referred to as 'large area' devices, since a unit cell of μm 2 -dimensions with an inner pattern with sub-μm features is required over an absorber area of mm 2 [20, 21] . The spectral tuneability of the absorption by the structure within the unit cell enables a wavelength dependent response, which could be designed to contribute to the out-of-band suppression of a mid-IR microspectrometer, as is demonstrated in this work.
CMOS-compatibility design in mid-IR metamaterial absorbers
Metamaterial absorbers are mostly based on metal-insulator-metal (MIM) stacks, with the top metal patterned and the back-metal layer acting as a ground metal to ensure zero transmission. At normal incidence reflectance at the interface is r = (Z-Z 0 )/(Z + Z 0 ), where Z = √(ε/μ) is the wavelength-dependent complex impedance of the medium and Z 0 is the impedance of free space. A near-unity absorbance is achieved when the impedance of the surface matches to that of the free-space (Z = Z 0 ), resulting in zero reflectance. The impedance of the metamaterial can be tuned by the dimensions and shape of the pattern and dielectric spacer in MIM structures. The resonating characteristic of metamaterials causes the impedance, Z, to strongly depend on the electromagnetic wave frequency, resulting in a typically narrow absorption band [20, 22] . A wider response can be achieved when incorporating several resonator structures in a staggered absorber unit-cell design [20, 23, 24].
The key challenges addressed here are: the additional constraints imposed by the CMOScompatible processing for on-chip co-integration of the metamaterial with standard CMOS processing and MEMS fabrication, and the use of masked lithography in batch fabrication that is common in microelectronic manufacturing to ensure acceptable throughput. There are three specific constraints: the first is the mandatory use of CMOS-compatible materials. Due to their high conductivity, gold (Au) and silver (Ag) have been the materials of choice as the plasmonic materials in most state-of-the-art metamaterials absorber designs [24, 25] . However, when considering CMOS-compatibility, the use of these materials greatly hinders the introduction of metamaterials in microfabricated systems. Aluminum (Al)-based metamaterial absorbers have been considered instead as a more CMOS-compatible approach for mid-IR metamaterial absorber design for the range between 3 and 4 μm. Al has been introduced in earlier works as a more-suitable CMOS-compatible candidate for mid-IR metamaterial absorbers, which demonstrate that a near perfect absorption can be achieved [26] [27] [28] .
The second issue results from the use of masked lithography. A mid-infrared metamaterial design requires a sub-micron pattern resolution. Conventionally, high-resolution lithography methods, such as e-beam [22-25, 29-37], deep UV (DUV) [21] , or direct laser write [38] lithography are used. However, the low throughput of e-beam lithography makes fabrication of relatively large-area devices time consuming, while DUV is prohibitively expensive. Therefore, the level of masked lithography that is a standard part of the infrastructure of a MEMS cleanroom (masked UV (i-line) lithography) has been explored for mid-infrared absorber fabrication. Analyzing literature on mid-infrared metamaterial-based absorbers reveals that the dividing line between e-beam fabricated, versus mask-fabricated devices is at the longer wavelength part of the IR spectrum [39] [40] [41] [42] [43] . For a typical mid-infrared design based on the cross and split-ring resonators, a feature size of about 80 nm (at 1 μm) [34] up to 400 nm (at 6 μm) [22] is required, which is beyond the specifications of masked UV lithography. In order to ease the fabrication requirements, the disk-shaped resonator is used in our study for its simpler geometry as compared to ring and cross resonators, while the lack of sharp features reduces the dependence on the limitations of masked lithography. The disk shape MIM structures have been previously implemented in the near and mid-infrared (e.g [24, 29, 37, 43]). Extensive sensitivity analysis has also shown a relatively high tolerance of the disk fabrication to parameters such as the thickness of the spacer and pattern, and also the periodicity of the unit cell [26, 44] .
The third constraint results from the acceptable techniques for metal layer deposition. The deposition should be at low temperature to be considered CMOS-compatible. However, the effect on surface roughness needs to be evaluated, as this property significantly affects the Qfactor of the absorber [27, 29] . Moreover, our earlier work has revealed that the increased scattering with surface roughness adversely affects the lithography [27] . The resulting deviations from the nominal dimensions cause a spectral shift and a widening of the absorption peak. The exposure dose sensitivity, on the other hand, results in a systematic error in the dimensions of the resulting pattern. It has been shown that for sub-resolution patterns, the fabrication results in a shift toward smaller patterns.
These considerations have been included in a four-band design of a metamaterial, which has been fabricated in a CMOS-compatible fashion over a large (5 × 5 mm 2 ) area using masked lithography. The CMOS-compatible fabrication of the metamaterial absorber facilitates the integration of metamaterial with sensor and readout circuits in CMOS. The performance is assessed with the three compatibility constraints in mind.
Design of a CMOS-compatible metamaterial absorber
Finite Element method was used to design the disk-shaped mid-infrared absorber. Lorentz-Drude model with Figure 1(a) shows the basic unit-cell design. A perfectly matched layer (PML) was used to back the radiation port and perfect electric conductor (PEC) and perfect magnetic conductor (PMC) boundary conditions were applied to the sides of the model corresponding to a linear polarization. The S-parameter was then computed over the wavelength range of interest. Subsequently, the absorption was calculated ( 1 A R = − ). While the resonance wavelength is not significantly affected by variations in thickness or permittivity of the dielectric layer or periodicity of the unit cell, the choice for a nominal thickness of 160 nm and periodicity of 2.6 μm was found to result in maximum absorption [26] . Figure 1(b) shows the absorption peaks for different disk diameters as simulated using finite element model. Figure 2 shows the peak wavelength and FWHM of the disk metamaterials. The absorption peak is found to shift with the disk diameter by about 5 nm/nm, whereas the peak absorption does not vary significantly (see insert in Fig. 2 ). Accordingly, a disk diameter from about 800 nm up to 1300 nm is required to obtain an absorption peak in the range between 3 to 4 μm. The FWHM increases from about 200 nm from a peak wavelength at 3 μm up to about 500 nm at 4 μm. Figure 3 shows the electric and magnetic fields at the cross-section of the disks at the peak absorbance for a linearly polarized electromagnetic wave. Accordingly, the electric field is coupled strongly at the surface of the metallic disk and absorbed due to the ohmic loss. The localized surface plasmon oscillation in metal pattern and the anti-parallel surface current in the bottom metallic layer also induces a magnetic dipole inside the dielectric layer, absorbing the magnetic component of the incident field [43, 46] . A four-resonator metamaterial design, shown in Fig. 4(a) , was used to obtain a wideband absorbance over the 3 to 4 μm spectral range. The disk radii in this wideband absorber are 0.480 μm, 0.495 μm, 0.545 μm, and 0.600 μm with a periodicity of 3.2 μm. Figure 4(b) shows the simulated absorption spectra for the multiplexed design. A tolerance of ± 20 nm in the radius of the disks is expected in the fabrication and analyzed here. This tolerance results in a shift of about 130 nm for the short-wavelength wing of the absorbance band and 100 nm for the long-wavelength wing. 
Metamaterial absorber fabrication
As discussed in the previous section, the mid-infrared design requires a sub-micron pattern resolution, while conventional UV lithography (i-line) has been explored in this work. The minimum feature size of a typical mid-infrared absorber is typically less than the lithography resolution available in a MEMS foundry. Therefore, dedicated processing using CMOScompatible materials of aluminum and SiO 2 is used here to fabricate metamaterials.
The fabrication process is shown schematically in Fig. 5 . In the first step, 200 nm aluminum layer is sputtered on 4-inch silicon wafers with 500 nm thermally grown oxide. The thermal oxide layer is used to prevent the diffusion of aluminum into silicon and inducing surface roughness. Aluminum was sputtered at 25° C to obtain smaller grain size and hence lower roughness. The SiO 2 spacer layer was then deposited at 350° C using PECVD. Figure 6 (a) shows the surface of the deposited spacer. The roughness average was measured to be R a = 30 nm (measured using a stylus with a tip with radius of curvature ρ = 2.5 μm over a 500 μm long line). This high roughness value was found to be due to interactions between ions and the aluminum surface during PECVD. To protect the aluminum surface and decrease the roughness, the wafers were placed in 100% HNO 3 for 20 minutes to grow about 8 nm native oxide on the Aluminum layer ( Fig. 6(b) ). This results in a lower roughness R a = 6 nm after deposition of PECVD SiO 2 . A lift-off process was used to pattern the top metal layer with metamaterial design with a total area of 5 × 5 mm 2 . A negative-tone photoresist film (1.5 μm; nLOF 2020) was spincoated and patterned using a wafer stepper (ASML; PAS5500/80). The exposure dose was also varied from 40 to 44 mJ/cm 2 . After the development of the photoresist, an O 2 plasma flash step was used to clean the surface. An extended O 2 plasma etching was used to enlarge the patterns formed in photoresist due to its isotropic etch rate. Finally, after sputtering of a 60 nm aluminum at 25° C and lift-off in NMP at 70° C for 15 minutes with ultrasonic agitation, the metallic pattern is obtained. Fig. 7 . SEM image of the fabricated metamaterial absorbers on SiO 2 spacer with no treatment (R a = 30 nm) and with surface treatment (R a = 6 nm). The exposure was varied from 40 to 44 mJ/cm 2 . Figure 7 shows the variation of the radius of the disk by exposure dose and on different substrates. The scattering of UV light from the interface of the substrate during the lithography step resulting in a larger disk diameter for a same exposure dose on the rougher sample. Furthermore, increasing the exposure dose results in a decrease in the size of the disks. The analysis shows a sensitivity of diameter changes due to changes in exposure dose of -17 ± 2 nm/[mJ/cm 2 ]. Tuning the exposure dose was used as a suitable parameter for obtaining the nominal dimensions. The dimensions of the disks fabricated on substrates with 6 nm roughness and an exposure dose of 44 mJ/cm 2 are in good agreement with the nominal dimensions of the designed metamaterial absorber.
Measurements
The optical characterization of the samples was performed using an FTIR spectrometer (Bruker Vertex 70) equipped with a reflectance module. The large sample area (5 × 5 mm 2 ) enables the optical characterization of the samples without the need for microscope FTIR. From the measurement of the reflectance at a well-defined angle of incidence, the spectral absorbance can be derived. A reflectance reference was used to normalize the measured spectrum. Figure 8(a) shows the measured spectral absorbance of the metamaterial absorbers on samples with different surface roughness at 12° incidence angle (which is the minimum setting due to equipment restrictions). The metamaterial absorber fabricated on the sample with a 30 nm roughness shows a slightly shifted absorption peak and also a higher out-ofband absorption. The peak absorbance is measured to be 98% with an absorbance of above 90% over the range of 3.5 μm to 4.1 μm. Both figures confirm that the absorbance does not reduce to very low values at short wavelengths, because of the second-order resonance at about 2.2 μm. As shown in Fig. 8(b) increasing the exposure dose shifts the peak into shorter wavelengths and closer to the simulation result. The measurement results for 44 mJ/cm 2 is in good agreement with the simulation, reaching 94% absorption at 3.55 μm. The incident angle was varied from 12 o to 60 o , and the reflectance of the samples was measured. Figure 9 shows the absorbance contour spectra for the samples fabricated at different exposure doses as a function of the incidence angles up to 60 o . In both cases, the absorbance remains almost undisturbed up to an incidence angle of 30 o , while the peak absorbance decreases and the out-of-band absorption slightly increases at more oblique incidence. Figure 9 (a) shows an absorption exceeding 90% over 600 nm wide band around a center wavelength of 4.1 μm is maintained up to 30 degrees for the 40 mJ/cm 2 sample. The 44 mJ/cm 2 sample, on the other hand, absorbs over 90% of the infrared light over a 300 nm band around a center wavelength of 3.55 μm. The 90%-bandwidth decreases to about 200 nm for an incidence angle of 30 o . Furthermore, measurements show that the out-of-band absorption remains well below 30% for incident angles up to 60 o . The results correspond to about 20 dB suppression of absorption on the long infrared side. Fig. 9 . The absorbance spectra contours as a function of the incident angle for a sample fabricated at (a) 40 mJ/cm 2 and (b) 44 mJ/cm 2 .
Conclusion
The masked fabrication used for enabling high throughput in CMOS batch fabrication inevitably also results in reduced resolution as compared to the e-beam lithography and thus reduces control over the features and results in deviations from the nominal dimensions for sub-resolution patterns. Irregularities in the shape and deviations from the nominal dimensions in a metamaterial structure result in uncertainties in absorber characteristics. The response of the metamaterial is averaged over the distribution of irregularities and errors over hundreds of unit structures. Therefore, while the structure is immune to the occasional fabrication defects, the statistical distribution of errors over a large area is the essential operational factor. Controlling the distribution of fabrication errors in masked based UV lithography is the main challenge. Figure 10 shows the typical unit cell size per center wavelength for several state-of-the-art mid-IR metamaterial absorbers. The references are also labeled according to the fabrication method, i.e. e-beam, standard UV, deep UV (DUV) and direct laser writing (DLW) lithography. There are two notable state-of-the-art metamaterial absorbers centered at mid-IR and fabricated using standard UV [40, 43] . Ogawa et. al. [40] have used a plasmonic micrograting absorber (PMGA) to achieve wideband absorption by controlling the depth and tapering angle of the micrograting. Using this method, they were able to implement a larger unit cell and achieve wideband absorption for wavelengths as short as 4 μm. Yang et. al. [43] used MIM structure with a layer of VO 2 in the dielectric spacer layer. By controlling the phase transition in VO 2 , a thermally tunable wideband absorption is achieved in the mid-IR using a relatively large pattern size (2.2 μm diameter disks, with a periodicity of 5 μm). Accordingly, e-beam lithography is still the prevailing method for devices operating at wavelengths lower than 5 μm. However, the techniques used in this work enabled us to use standard UV lithography in the wavelength range that has so far been dominated by e-beam lithography. The design and fabrication process was optimized to facilitate CMOS-compatible fabrication of large-area mid-IR absorbers using standard masked UV lithography. The size of the fabricated sub-resolution disks depends strongly on both the exposure dose and the surface roughness of the samples. The surface roughness was found to be an important source of error in the fabrication of sub-resolution features sizes. In our samples, a similar exposure dose on samples with R a =6 nm and 30 nm roughness resulted in larger patterns on the rougher surface and a 100 nm shift of absorption spectra. The exposure dose on the other hand results in a systematic error in feature sizes, hence was used as an effective parameter to tune the process. We measured about -17±2 nm/(mJ/cm 2 ) variations in diameter due to exposure variation.
The throughput advantage of masked lithography has been exploited for the fabrication of mid-IR absorbers over an area of 5×5 mm 2 and the measurement confirmed the theoretical spectral response. A peak absorption of 98% at center wavelength of 4.1 μm and 94% at 3.55 μm for an angle close to perpendicular incidence was observed. The absorption exceeded 90% over 300 nm range for the absorber centered at 4.1 μm and over 200 nm range for the peaks at 3.55 μm respectively. Furthermore, measurements at an angle of incidence up to 60 o show that the absorption characteristics of the metamaterials are maintained for incidence angles below 30 o . The fabricated metamaterials resulted in about 20 dB suppression of absorbance at longer wavelengths. Future work is aiming on the integration of mid-IR metamaterials in microspectrometers for gas sensing. 
